INTRODUCTION
Although Wireless Local Area Networks (WLANs) and Wireless ATM (WATM) both provide Wideband Wireless Local Access (WWLA), there are differences and similarities among the two. WLAN is a mature technology with available products and market, WATM is an evolving technology that has not yet tested the market. WATM is perceived to be a service provided by the operating company. WLANs are considered as products sold by the manufacturer. WLANs provide an access to legacy LAN applications. WATM is expected to provide end-to-end ATM connectivity and Quality of Service (QoS) in the wireless channel. In this paper we address these issues in further detail and provide an overview of the global WWLA activities.
We are emerging at the beginning of a new and exciting era for the wideband wireless local access (WWLA) industry. After a decade of self realization for this industry, WLAN and inter-LAN bridges are finding their way into the health care, manufacturing, finance, and educational markets. According to the January 1997 Frost & Sullivan's report on the North American Wireless Office Hardware market, the total 1996 revenue for wireless offices was $390 million of which $218 million was from WLANs. The IEEE 802.11 standard for WLANs is emerging as a mature standard presenting a well defined technology that is being adopted by the manufacturers and accepted by the users. Chipsets have been developed according to the IEEE 802.11 standard, making software creativity easier for developing new applications towards expanding the market. ETSI's RES-10 group has defined another alternative technology, HIPERLAN I, which primarily has a focus towards ad-hoc networking applications and supports higher data rates. More recently, research around wireless ATM has soared like an epidemic, engaging numerous companies in examining the suitability of yet another alternative standard technology for WWLA.
The successful emergence of the market for WLANs operating in the unlicensed ISM bands has underlined the need for additional unlicensed bands. The continual demand of the WWLA industry for additional unlicensed bands in useful spectrum, initiated by WINForum, has resulted in the release of a 20 MHz unlicensed band around 1.9 GHz for asynchronous and isochronous applications in 1994 and 300 MHz of unlicensed bands earlier this year at 5 GHz referred to as the U-NII bands (formerly SUPERNet). On the other hand, the pan-European third generation cellular service (UMTS) is considering connectionless packet switched networks as class D bearer services. Under the research arm ACTS, the MEDIAN, WAND, SAMBA, and AWACS projects are addressing WWLA services. The Japanese are engaged in developing their own WWLA technology and at the same time several Japanese companies are involved in developing WLAN products for the US market. Figure 1 shows the protocol stack needed for the respective implementation of these interconnection techniques. The first option shown in Figure 1 .a is addressed by the IEEE 802.11 community. The other two options are considered in the WATM community. The second approach, shown in Figure  1 .b, has more overhead, is expensive, and less scalable. At this stage this technique is considered only as an interim solution for migration and proof of concept [AYA96] . The fourth option WATM-LAN is not considered because a WATM air interface assumes that the backbone network employs ATM switches. Therefore, we are left with two options WATM-ATM and WLAN-LAN which we will refer to as WATM and WLAN in the rest of this paper.
SERVICE SCENARIOS
The success of WLANs or WATM depends on the availability of the corresponding backbone wired infrastructure and the evolution of the software applications. The backbone wired network consists of long-haul and local backbones. Today, it is commonly assumed that the future long-haul backbone networks will employ ATM transport and ATM will also be the backbone of the third generation wireless telecommunication networks. However, there is an on going battle between the connection based ATM local backbones versus contention based local legacy LAN backbones. Whether the backbone network of the future uses ATM only for long-haul and the legacy wired LAN technologies for local access or whether we will have an endto-end wired ATM network will be a major deciding factor on the success of WLANs or WATM. The battle between ATM and Gigabit Ethernet for wired local access is not yet resolved [MCG96] and an unbiased prediction of the direction of this religious war is extremely challenging and beyond the scope of this paper.
Service scenarios for the future WWLA can be categorized into private local networks in workplaces, universal access point in homes, and nomadic access in public places [GIL96] . The existing WWLA market is almost exclusively for the wireless office equipment using TCP/IP based applications over WLANs. The WLAN technology provides wireless access to the legacy LANs which support TCP/IP applications with minimal overhead. ATM in general has been shown to be inefficient in supporting legacy TCP/IP applications [LIP96, BER96] . The ATM local backbone is expected to be suited for the future multi-media applications supporting variety of traffic categories with a negotiable quality of service (QoS). Using RSVP for the TCP/IP applications the legacy LAN local backbone can support quality of service for multi-media applications [LAM97] . Potential wireless applications in home include universal wideband access for a variety of services such as cordless telephony, Internet access, and flexible positioning of audio systems. The WLAN technology can support all these applications but WATM could be more suitable for cordless telephone applications that may generate most of the in-home wireless traffic. Nomadic public access again depends on the availability of the backbone network. If the ATM networks are available in most public places, it may appear to be easier to provide traffic policing and charging mechanisms using WATM. If 
MARKET AND PRODUCTS
One of the most challenging issues facing the WLAN industry is expanding the market. Those involved in traditional WLAN industry promote privately owned WLAN applications, such as a campus area networks -a market for PCMCIA cards and access points in large quantities. The more visionary "service providers" are eager to promote nomadic WWLA applications in public places, such as airports, to generate a new source of income through service charges. Today only WLAN products exist in the market and WATM services are expected to appear in the market only by the turn of the century.
In the past, the WLAN industry had a difficult time in predicting the development of the market. In 1990 the first generation WLAN products appeared in the market. These products, consuming around 20W (not suitable for laptops), were considered as an alternative that would avoid the expensive and troublesome installation and relocation costs of the coaxial cabled LANs. Under the assumption that WLANs would capture 10-15% of the coaxial cabled LAN market, early market predictions for WLANs were around $0.5-2 billion for the mid 1990's. However, by the time WLAN products appeared in the market, less troublesome twisted pair wiring technology, similar to existing telephone wiring, had already replaced the coaxial cabled LAN technology, so that the first generation WLANs did not meet the market predictions.
The second generation WLAN industry evolved in two directions. One group developed PCMCIA card WLANs for laptops to address the need for local mobility and its related applications. The other group added directional antennas to the first generation shoe-box type WLAN products and marketed them as inter-LAN bridges for outdoor applications [PAH95a, PAH95b, PAH85] .
The existing WLAN products available on PCMCIA cards are either direct sequence spread spectrum (DSSS) or frequency hoping spread spectrum (FHSS) operating in ISM bands. The diffused IR technology is used for nomadic access in shorter distances for applications such as access for laptops to printers or in specific areas within the hospitals, such as radiology departments, where using radio signal is not encouraged. In addition to spread spectrum technology, other technologies such as direct beam IR (DBIR) and traditional radio are used for inter-LAN bridge applications. As we mentioned in the introduction the market size for these products is around two to three hundred million dollars.
The WLAN market currently aims at four categories of applications [WOZ96] : healthcare industry, factory floors, banking industry, and educational institutions. In the healthcare market, in addition to traditional equipment such as laptops, notebooks, and hand-held terminals, special wireless services such as electronic thermometer and blood pressure monitoring devices are expected to be involved in wireless local communications. These devices are used to provide mobile access to clinical and pharmaceutical data bases for the physician as well as entering personal health data. In manufacturing floors and the WORCESTER POLYTECHNIC INSTITUTE Center for Wireless Information Network Studies 10/09/97 5(15) 5 factory environment, in addition to accessing databases and updating them, wireless networks enable rapid modification of the assembly lines and provide instant network access, for example, to the delivery trucks at the dock stations. In the banking industry, WLANs facilitate extending the network facilities to other branches, upgrading the systems without disrupting banking operation, reorganizing and rearranging the branches, and the access to Internet. In the educational environment, WLANs facilitate distance learning using wireless classrooms, provides access to the Internet, computational facilities, and databases servers to students using notebook computers.
STANDARD TECHNOLOGIES
There are three standardization activities for WWLA: the IEEE standard (802.11), ETSI's standard (HIPERLAN), and the ATM Forum's standard (WATM). We discuss these in this section in some detail. The technical aspects of this standard were completed this year. Throughout this unexpectedly long endeavor, the 802.11 group developed a framework to incorporate wireless specific issues such as power control, frequency management, roaming, and authentication in a LAN standard. The IEEE 802.11 standard was developed based on existing products in the market and so it addresses both technical and marketing issues.
The 802.11 standard [IEE96] specifies data rates upto 2 Mbps using spread spectrum technology in the 2.4 GHz ISM bands. As wider U-NII bands with no restriction on modulation become available it is possible to update the physical layer of the standard to support higher data rates and other modulation techniques. The 802.11 standard considers two network topologies: infrastructure based and ad hoc (see Figure 2) . In an infrastructure network (Figure 2a) , mobile terminals communicate with the backbone network through an Access Point (AP). The AP is a bridge interconnecting the 802.11 network to the backbone wired infrastructure. In this configuration, a distribution system interconnects multiple Basic Service Sets (BSS) through access points to form a single infrastructure network named an Extended Service Set (ESS). A mobile terminal can roam among different BSSs in one ESS without losing the connectivity to the backbone. In ad-hoc configuration (Figure 2b ), the mobile terminals communicate with each other in an independent BSS without connectivity to the wired backbone network.. In this case some of the functions of the AP, such as release of a beacon with a defined ID and timing reference, that are needed to form and maintain a BSS are provided by one of the mobile terminals. The cells in both configurations shown in Figure 1 can overlap with one another. In addition to the contention based CSMA/CA access method suited for asynchronous data applications, the IEEE 802.11 also supports a contention free prioritized point coordination function (PCF) mechanism to support time bounded WORCESTER The HIPERLAN standard was developed by the RES-10 group of the ETSI as a panEuropean standard for high speed wireless local networks. The so called HIPERLAN I, the first defined technology by this standard group, was started in 1992 and completed this year. It supports data rates of 2-23 Mbps using traditional radio modulation techniques in the 5.2 GHz band. The HIPERLAN I network [ETS96, ETS94] supports a multi-hop ad-hoc configuration (Figure 3) . The multi-hop routing extends the HIPERLAN communication beyond the radio range of a single node. Each HIPERLAN node is either a forwarder or a non-forwarder. A non-forwarder node simply accepts the packet that is intended for it. A forwarder node retransmits the received packet, if the packet does not have its own node address, to other terminals in its neighborhood. Each non-forwarder node should select at least one of its neighbors as a forwarder. Inter-HIPERLAN forwarding needs bilateral cooperation and agreement between two HIPERLANs. To support routing and maintain the operation of a HIPERLAN, the forwarder and non-forwarder nodes need to periodically update six and four databases respectively. These databases are identified in Figure 3 . The Non-Preemptive Multiple Access (NPMA) protocol used in HIPERLAN is a listen before talk protocol that supports both asynchronous and isochronous transmissions. The HIPERLAN defines a priority
scheme and a lifetime for each packet which facilitates the control of the quality of service. In addition to the routing, the MAC layer also handles the encryption and power conservation. Other versions of HIPERLAN for accommodating wireless ATM and other alternatives are currently under consideration [WIL96] . During the standardization process a couple of HIPERLAN I prototypes were developed but as of now, no manufacturer has adopted this standard for product development. The bands assigned for HIPERLAN in the European Community (EC) was one of the motives of the FCC for releasing the U-NII bands discussed in the next section.
In There are significant challenges for employing ATM in a mobile wireless link that has to be resolved before this technology identifies itself as a legitimate standard. ATM was essentially designed for high bandwidth, highly reliable and static optical fiber channels. Wireless channels are inherently unreliable and time varying with limited available bandwidth. ATM is a connection oriented transmission scheme operating based on an initial negotiation with the network for a virtual channel with a specific QoS. In a mobile environment management of the virtual channel and the QoS is not simple because the route has to be continually modified as the terminals move during the lifetime of a connection.
Several proposals have been submitted for consideration by WATM working group [HUL96, DEA96, ACH96, BAR96, VEE96, ACH97] but there is no official technical specification released by the group. We refer to the overview material provided by the chairman of the committee in [DEL96] . Figure 4 provides an overall architecture perceived for the WATM services of the future. Similar to the IEEE 802.11 standard, the architecture is perceived to support both infrastructure and ad-hoc networking. Unlike the IEEE 802.11 standard, the wireless connection is expected to be performed through wired ATM switches. WATM access points are expected to communicate with one another to provide facilities to support a dynamic topology. WATM in this figure is shown to be a part of an integrated multimedia network multimedia over a variety of links that includes standard wired networks as well as dedicated microwave and satellite links. As far as the specifications of the radio access are concerned, the WATM community argues that the short packet size (53bytes), high data rates (~20Mbps), and the short header (5bytes) in WATM ideally suites the on-off fading characteristics of the local radio channels providing an efficient usage of the band [DEL96] . It should be noted that the IEEE 802.11 MAC layer provides packet segmentation facilities that shortens the packets and if this is utilized properly, the same advantages can be gained. High data rates can also be provided by the IEEE 802.11 MAC layer if we migrate to higher frequency bands (e.g. U-NII) and adopt other modulation techniques. However, in any case, WLAN or WATM, migration to higher frequencies will reduce the coverage of the access point and increases the cost of the infrastructure. In the past decade products with smaller coverage have not survived the market test.
GLOBAL ACTIVITIES
Today's global market for WLANs primarily belongs to the US. For manufacturers aiming at the WWLA market, the two most important issues are the availability of unlicensed bands for future product development and a spectrum etiquette that secures a minimum bandwidth availability for users in different scenarios. The relation between a licensed band and an unlicensed band is similar to the relation between a privately owned backyard and a public park. If you can afford a backyard you can have a barbecue there; otherwise you may go to a public park and depending on the availability of space, enjoy similar benefits without any investment on the property. WLANs are new products developed by small companies in the midst of large companies. None of them can afford backyards in the expensive neighborhoods of 1-2 GHz where a big market for voice applications exists. As increasing number of people realize the benefits of a public park and use it, there increases a need for an "etiquette" to control the crowd of barbecue fans and prevent the smoke from overwhelming everyone.
In 1994, the FCC released 20 MHz of spectrum between two parts of licensed bands in the 1.9 GHz for operation of unlicensed personal communications services (U-PCS). The 20 MHz of spectrum allocated for U-PCS is shown in Figure 5 . The unlicensed nature of the frequency bands necessitated a "coexistence etiquette" which was developed by WINTech, the technical subcommittee of the WINForum industry association. This spectrum etiquette forms the basis for the rules adopted by the FCC for operation in the U-PCS bands. The interesting point about the WINForum etiquette is the assignment of two separate bands for the asynchronous and isochronous transmissions. This separation implies that, in the view of WINForum, voice and bursty data transmissions are incompatible enough requiring the use of separate channels in the air. This separation is in contrast with the view of those working in wired communications (such as ISDN and ATM) where the trend is towards the integration of voice and bursty data on the same channel. There are three basic principles adopted for the spectrum etiquette in the U-PCS bands: (a) listen before talk (or transmit) (LBT) protocol (b) low transmitter power and (c) restricted duration of transmissions. The requirements on timing accuracy is quite rigid making this protocol unsuitable for ATM transport. Further details about this protocol are available in [STE94] .
The U-NII initiative started with WINForum filing a petition before the FCC requesting allocation of 250 MHz of spectrum for high speed devices providing 20 Mbps in May 1995. This was followed by a petition by Apple Computer requesting allocation of 300 MHz of spectrum in the same frequency bands for promoting full deployment of the socalled National Information Infrastructure (NII) 1 . These bands and devices were referred to as "Shared Unlicensed PErsonal Radio Network" (SUPERNet) bands and devices. On January 9 th 1997, the FCC released 300 MHz of unlicensed spectrum around 5 GHz for use by a new category of radio equipment called "Unlicensed National Information Infrastructure" or U-NII devices. This decision of the FCC makes a large amount of spectrum available for wireless LAN applications which can provide data rates of upto several tens of Mbps needed for multimedia type of applications. The frequencies allocated are compatible with those specified earlier by the CEPT for HIPERLAN. The WINForum spectrum etiquette was also suggested by the FCC for U-NII devices, but was not adopted because of concerns about its suitability to accommodate WATM services. The FCC believes that this spectrum would enable opportunities for providing advanced telecommunications services to educational institutions, health care providers, libraries etc [FCC96] thereby significantly assisting in meeting universal service goals [HUD94] as set forth in the Telecommunications act of 1996 [TEL96] .
The frequency bands and their respective technical restrictions are shown in Table 2 . To encourage maximum flexibility in developing new technologies minimum technical restrictions have been adopted. Detailed restrictions or standards can only delay the implementation of the appropriate products that are able to attract commercial applications. Although no devices have been developed yet for U-NII bands, several activities for developing standards and products in these bands have already started. The Mobile Information Infrastructure (MII), an ongoing research project at Bell Labs which is partially funded by the National Institute of Standards and Technology is considering wireless ATM applications in this band [AYA96] . The IEEE 802.11 has set up a study group for higher speed physical layer standards development in the 5 GHz band with the same MAC protocol used currently for the 2 Mb/s standard using spread spectrum technology in the ISM bands. Data rates beyond 20 Mbps as well as the capability of the MAC layer to support data, voice and video services are to be examined by this study group. In the U-NII, as opposed to ISM bands, there is no restriction to use only spread spectrum technology and other modulation techniques such as OFDM and GMSK have been suggested. At higher U-NII frequencies the LAN adapter is expected to be more expensive, but the cost/performance ratio is expected to improve.
Although the WLAN market is primarily in the US, there are significant WWLA related activities in the EC and Japan. In the EC under the ACTS projects several research programs are devoted towards examining a variety of technologies for wideband local applications. The intention is to integrate these technologies into the evolving third generation cellular systems. Also, ETSI has announced a new standardization project BRAN (Broadband Radio Access Networks) which will take over the current HIPERLAN activities. The BRAN project will address issues related to wireless access systems with bit rates larger than 25 Mbps. Table 1 ) demonstrates wireless ATM transmission at 5 GHz. The System for Advanced Mobile Broadband Applications (SAMBA) develops an MBS trial of two base and two mobile stations operating at 40 GHz. The Advanced Wireless ATM Communications Systems (AWACS) is a cooperative project between Europe and Japan (ACTS and NTT). It is based on a 19 GHz ATM wireless LAN testbed already available through NTT and targets the development and demonstration of wireless access to B-ISDN services through this testbed. The terminals are of low mobility and operate at 19 GHz with data rates of up to 34 Mbps. The demo is expected to be ready by the end of 1997. This projects aims at investigating SHF bands due to the shortage of spectrum in the lower frequencies in Japan. The interesting observation here is that all these activities are considering wireless ATM in some form for the wireless access.
In Japan [MPT96] the Ministry of Post and Telecommunications (MPT) is the primary agency involved in future wideband wireless networks. Radio regulation was updated to provide 26 MHz of bandwidth in the 2.4 GHz band for small power data communications that fits the IEEE 802.11. The major problem with this band appears to be the small bandwidth of 26 MHz compared to 84 MHz available in the ISM bands in the US. There is another 80 MHz of spectrum available for licensed "local area radio stations" at 19 GHz that is similar to the frequencies used by Motorola's ALTAIR product.
The more recent activity in Japan in local wideband wireless networks is related to the Multimedia Mobile Access Communication (MMAC) committee that has proposed two systems for a mobile communication infrastructure that works seamlessly with fibre optic networks. Terminals that can operate both indoors and outdoors at 6-10 Mbps (highspeed wireless access) and those that operate only indoors without handoffs (ultra highspeed radio LAN) systems, both operating in the millimeter wave frequencies, are investigated by MMAC. Equipment development in system design and fundamental RF technologies and standardization is expected to be completed by 2000 A.D and commercial services are expected to start by the year 2002.
